Although little is known about the behavior of engineered nanomaterials after exposure to terrestrial areas, recent studies indicate that silver nanoparticles (AgNPs) can perturb the soil environment due to their biocidal and catalytic properties. The fundamental evaluation of the environmental fate of AgNPs would be a significant step toward a comprehensive understanding of the harmful effects of such particles on ecosystems. Therefore, from an eco-toxicological perspective, the estimation of AgNP behavior in soil should be investigated. Among the various environmental characteristics, the deposition of nanoparticles in the soil constitute is a critical step in their migration into surface or groundwater and interaction with organisms, which is determined by the stability of aqueous dispersions in a soil micro-environment. In the present study, we observed the aggregation and deposition of AgNPs to natural soil surfaces by comparing the partitioning of AgNPs in a soil/water interface with that of Ag + ion. Both AgNPs and Ag + ion were selectively quantified by means of inductively coupled plasma (ICP) spectrometry and an ion-selective electrode (ISE). We interpreted the partitioning of AgNPs and Ag + ion using the Freundlich isotherm and the findings indicate that AgNPs with reduced dispersion stability in a soil micro-environment were aggregated and deposited on the surface of natural soil. This study provides a fundamental basis for understanding the deposition of AgNPs, which will enable their accumulation and mobility in a soil environment to be predicted.
INTRODUCTION
Nanotechnology and manufactured nanomaterials has brought about visible benefits in almost all areas of our life. 1 The Woodrow Wilson Center (USA) reported that more than 1,300 types of nanotechnology-based products are currently being marketed. 2 Among them, silver nanoparticles (AgNPs)-first synthesized in 1889-hold a prominent position and represent the fastest growing category due to the scope of their applications such as antimicrobial agents, [3] [4] [5] [6] [7] drug delivery systems, 8 9 optics. 10 Approximately 320 tons/year of AgNPs are manufactured and consumed worldwide. [11] [12] [13] The potential toxic issues associated with manufactured AgNPs are currently debated and accumulating evidence indicates that they are potentially threatening to the environment. [14] [15] [16] [17] [18] Thus, in terms of * Authors to whom correspondence should be addressed.
a risk assessment of AgNPs, it is important to estimate the local concentration and behavior of AgNPs after exposure to various environmental media. 19 Soil could be readily contaminated by AgNPs, which are released from various wastes in landfill or sewage and relevant data are needed to predict the subsequent effects of this. [20] [21] [22] Unlike chemcials or ions, nanomaterials, when released into the environment, can undergo various transformations. 23 24 In other words, the pristine physicochemical properties of AgNPs can become dynamically changed due to the various environmental factors such as coming into contact with natural organic matter (NOM), ionic strength (IS), pH, and related conditions. These physicochemical changes of AgNPs, which include ionization and aggregation, are crucial for an environmental evaluation not only of nano-toxic effects but also their behavior in various media. [25] [26] [27] 25 Retention and partitioning values were quantified, and dissolved Ce was taken into account. Most previous studies on the behavior of nanoparticles were performed under homogeneous experimental conditions using media such as quartz sand, an aqueous phase at various pH values and IS. However, the heterogeneity of natural soil provides a complex combination of factors that can result in a change in physicochemical properties. Such physicochemical changes are very difficult to monitor directly by using currently available analytical tools, because engineered nanomaterials are mixed with naturally occurring nanoparticles.
The focus of the present study was on identifying the unique characteristics of AgNPs when deposited on several types of natural soil and comparing the findings with the adsorption of Ag + ions. The objective of the study was: (1) To collect quantifiable evidence concerning the deposition of AgNPs on a soil surface by application of the Freundlich isotherm. (2) To examine the ionization of AgNPs, which is a very important process regarding the toxic mechanism (Trojan Horse mechanism). 28 Therefore, it is necessary to evaluate the behavior of AgNPs in parallel with Ag + ions at a soil/water interface for an accurate assessment of the terrestrial toxicity of such preparations.
MATERIALS AND METHODS

Materials
A solution of AgNPs was obtained from ABC Nanotech Co. (STU206011, Republic of Korea). AgNPs were synthesized by aqueous reduction and dispersion stability was maintained in deionized (DI) water (Milipore, 18.2 M · cm) by citrate-capping. This suspension was used as a reference AgNPs material by the Organization for Economic Cooperation and Development (OECD). Silver nitrate (AgNO 3 , > 99%) and quartz sand (SiO 2 , 50-70 mesh particle size) were purchased from Sigma Aldrich.
Methods
Preparation of Ag Suspensions
The initially obtained AgNPs stock suspension contained 20 wt.% of Ag. The stock solution was serially diluted until the desired concentration was reached. A variety of concentrations of Ag + solutions were prepared by dissolving silver nitrate in DI water. Quantitative analysis of the Ag content in solution was conducted for all solution samples by inductively coupled plasma (ICP) spectrometry (ICP-OES, ICPS-7500, Shimdzu). Suspensions containing AgNPs were directly analyzed by ICP, because AgNPs can be ionized with high efficiency in the ICP plasma reactor. All samples were stored in the dark at 4 C. Acid-base titrations were conducted using nitric acid (HNO 3 and sodium hydroxide (NaOH) for controlled pH experiments.
Characterization of AgNPs
The morphology and size of the AgNPs were determined by transmission electron microscopy (HR-TEM; 300 kV, JEM-3010, JEOL). The size distribution of AgNPs dispersed in water was measured by dynamic light scattering spectrophotometry (DLS, ELS-8000, Otsuka). Ion release under the experimental conditions was monitored using an ion-selective electrode (ISE; Orion 960). The dispersion stability of AgNPs under controlled pH conditions was evaluated by monitoring the hydrodynamic diameter (HDD) and corresponding surface charge of the AgNPs using DLS.
Preparation and Analysis of Natural Soils
5 types of soil and 1 type of sediment were collected at a depth of 30 cm in the Republic of Korea. The soils samples were air-dried at room temperature and then passed through a 2 mm sieve examining the physical and chemical properties. The Walkley-Black method, an ammonium acetate method were used to determine total organic carbon (TOC) and the cation exchange capacity (CEC) of the soils, respectively. Nitrogen analysis by the Micro Kjeldahl method was performed using an auto analyzer (Kjeltec 8400, Foss) and soil pH was measured in a 1/5 soil/solution suspension. Soil texture was determined by mechanical analysis using the pipette method. An Hg intrusion porosimeter (AutoPore IV 9520, Micromeritics) was used to determine accessible surface area of soils.
Determination of Ag Partitioning
Ag partitioning was investigated using the batch equilibrium method based on OECD Test Guideline 106 (2000). 29 AgNPs and the Ag + solution (DI water, pH 5.5) with various concentration ranges from 1 to 100,000 mg Ag/L were spiked to soil and orbitally shaken for 24 h (1:3 m/v soil-solution ratio). The time-resolved quantification of Ag partitioning was conducted to determine the time to equilibrium. The aqueous phase and soil phase were separated using a centrifugal method (2000 rpm, 20 min) when the system was at equilibrium. Ag concentration in the aqueous phase (C aq , mg/L) was analyzed by ICP and the Ag concentration in the soil phase (q, mg/g) was determined by subtracting C aq from the concentration of the initially spiked Ag solution (C o . The Freundlich isotherm was used to determine the adsorption capacity and intensity between soil-AgNP, soil-Ag + . 
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RESULTS AND DISCUSSION
Soil Analysis
Natural soils and sediment have distinctly different physical and chemical characteristics compared to quartz sand. Total organic carbon, cation exchange capacity, pH, texture, nitrogen content and the surface area of each sample is summarized in Table I . The sediment sample had a substantially high content of organic matter.
Pristine Physicochemical Properties of AgNPs
The morphology and size distribution of AgNPs were determined by transmission electron microscopy (TEM) and dynamic light scattering (DLS), respectively. As shown in Figure 1(a) , the TEM image revealed that the AgNPs were comprised of mainly spheroidal and angulated forms with a diameter of 40∼60 nm and some small segments (∼10 nm). Citrate-capped AgNPs are well dispersed in DI water and their size distribution, as determined by DLS, is in agreement with the TEM image ( Fig. 1(b) ). This suggests that electrostatic repulsive forces as the result of the (−) charged citrate capping are sufficient to maintain their dispersity in the single particle level ( -potential-30 mV in DI water). Surface layers of citrate anion on AgNPs are formed after reduction of silver nitrate with trisodium citrate, and the citrate ligands can lose their anionic property due to complexation with various cationic species or organic matters. 30 This surface chemistry of AgNPs is directly connected to the change of physicochemical properties of AgNPs including dispersion stability, aggregate property. 31 Figure 1(c) shows that the ionization of 245 mg/L AgNPs under the experimental condition of batch adsorption (orbitally shaken, dark, room temperature) and the rate of ionization is about 2.11 mg/day. This suggests that AgNPs can serve as a temporary Ag + reservoir and a 'Trojan horse' for producing an eco-toxic effect in a natural soil environment.
Effect of Dispersion Stability on Soil Deposition
Citrate-capped AgNPs have a negatively charged surface and maintain their dispersion stability by electrostatic repulsion. Based on these fundamental facts, it should be possible to control the dispersion stability of AgNPs by appropriate adjustment of the pH. If the pH decreases, the carboxylic groups of citrate become protonated and represent the positive surface charge of AgNPs, and vice versa. Figure 2( zero net proton charge exists) of the citrate-capped AgNPs is about pH 2∼3. AgNPs lose their dispersion stability and become aggregated at pH values below 2∼3 as evidenced by the zeta potential value near zero and the sudden increase in HDD. A loss of dispersion stability causes the AgNPs to aggregate and subsequently to be deposited in the soil phase. In Figure 2 (b), the partitioning of AgNPs in soil increases abruptly at a pH of around 3, which is closely related to the deposition phenomena. On the contrary, a relatively low partitioning in soil was found in the pH range > 3 in all cases, except for the sediment sample, indicating that dispersion stability is maintained and deposition in the soil phase has rarely occurred. The slight variations in partitioning in the pH range 3∼12 can be attributed to differences in adsorption as a function of pH and surface charge. In the pH range of 2∼12, nearly all of the AgNPs were translocated to the sediment sample, the reason of which is discussed below. In summary, based on pH controlled experiments, we conclude that the dispersion stability of AgNPs in a micro-environment around soil particles is the determining factor regarding the deposition of AgNPs.
Partitioning of AgNPs/Ag
+ in Natural Soils and Sediment and an Interpretation of the Freundlich Isotherm
Partitioning of AgNPs at a soil/water interface was calculated based on the reduced Ag concentration in the aqueous phase for the system at equilibration. To verify the loss of dispersion stability of AgNPs and their deposition in soil, the partitioning of Ag + ion (as a non-aggregating Ag) was compared. Quantified Ag contents in aqueous/solid phases for each sample (5 soils and 1 sediment, quartz sand) were plotted in the basic form of the linearized Freundlich isotherm (log C aq vs. log q) (Fig. 3) . From the relationship between log C aq and log q, two empirical constants which include the Freundlich adsorption coefficient (K ads F and the regression constant (n) for each adsorbateadsorbent can be deduced (Table II) means that a larger amount of AgNPs is positioned on the soil surface. The value for 1/n is the intensity of adsorption and a smaller value of 1/n implies that a stronger bond is formed between the adsorbate (Ag) and adsorbent (soil). This constant, n should be in the range of 1 to 10 for favorable adsorption, which is attributed to the repulsive forces between adsorbates (AgNPs or Ag + . Therefore, as shown in Table II , the adsorption process conditions were favorable for all soil samples.
Isotherm curves for soil #1 and soil #3 exposed to AgNPs show a higher value of 1/n compared to that of Ag + and, consequently, smaller value of K F was observed (case #1). On the contrary, the values for both 1/n and K F of AgNPs are higher than those for Ag + in the case of quartz sand, soil #2 and soil #5 (case #2). The reason for the contemporaneous weak bond and increased adsorption in case #2 is the phenomenon of AgNPs deposition to soils. In case #2, interaction between AgNP-AgNP is more predominant than interaction between soil-AgNP (Fig. 4) . Therefore the aggregation, deposition and sedimentation of AgNPs are main reasons for the transport toward the soil phase. For soil #4 and sediment samples, nearly all of the AgNPs are distributed to the solid phases (100% adsorption prevented us from displaying several points in Fig. 3 ). Sediments are known to contain high levels of organic compounds, trace metals and cationic/anionic species, which are able to act as an aggregation-trigger or a deposition site of AgNPs. 32 The extremely low value of n indicates that the repulsive forces between AgNP-AgNP are negligible, consequently the aggregation-deposition process is highly dominant in the case of the sediment. For a similar reason, the majority of the AgNPs were translocated to soil sample #4.
CONCLUSIONS
The natural soil environment is highly heterogeneous and forms a unique micro-environment at the soil/water interface. The prediction and control of nanoparticles behavior in a natural soil environment is still unclear due to the dynamically changing physicochemical properties. The findings reported herein indicate that the stability of an aqueous dispersion of AgNPs in a soil environment is a significant factor in terms of influencing the deposition of nanoparticles in soil. Applications of an empirical Freundlich isotherm model and comparison with the adsorptive behavior of Ag + ions were found to be effective in investigating the deposition of AgNPs. The partitioning of AgNPs to soil can be categorized in two types: adsorption-first and deposition-first process. The dispersion stability in each soil micro-environment is a key parameter that determines whether AgNPs will be adsorbed or deposited. In addition, considering that AgNPs will undergo decomposition to Ag + ions in the end, it is noteworthy that the accumulation or mobility of AgNPs in soil environment will change over time due to the differences in sorption behavior between AgNPs and Ag + ions. Although there are still limitations regarding the direct, microscopic monitoring of the dynamics of nanoparticles in natural soil due to the heterogeneity and complexity of the system, the present results will help researchers to gain future insights into the environmental behavior of engineered nanomaterials. 
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